The adsorption sites and diffusion mechanism of CO 2 molecules in the flexible Zn(MeIM) 2 (MeIM=2-methylimidazole) (ZIF-8) have been investigated by grand canonical Monte Carlo and molecular dynamics simulations. A reasonable time correlation function is for the first time constructed to explore the mean residence time of CO 2 molecules in the ZIF-8 cages, suggesting that CO 2 molecules can remain in the same cage for up to several tens of picoseconds. Furthermore, we find that the mean residence time almost linearly increases with the increasing pressure (or loading) at 273 and 298 K.
I. INTRODUCTION
Porous zeolitic imidazolate frameworks (ZIFs), a new subfamily of metal organic frameworks (MOFs), have attracted more and more attention due to potential applications in the CO 2 capture and storage (CCS) [1−5] . Up to now, many experimental characterizations have confirmed their exceptional chemical and thermal stabilities in both aqueous and organic media in contrast to other MOFs [6−9] , which is critical for practical application processes. As one of the most studied ZIFs, ZIF-8 (Zn(MeIM) 2 , MeIM=2-methylimidazole), has a sodalite (SOD) zeolite-type cage structure with the diameter of 11.6Å, which is approximately twice larger than those of the corresponding SOD zeolites [6] . Over the past decade, research efforts have been mostly aimed at exploring the adsorption and separation mechanism of pure CO 2 and its mixtures in ZIF-8 [10−17] . Both experimental and simulated adsorption isotherms have generally revealed that the ZIF-8 prefers to adsorb CO 2 over N 2 , CH 4 , and CO [10−16] . Meanwhile, two preferential sites of CO 2 adsorbed in ZIF-8 were found to be on both sides of 6-ring windows and around the aromatic rings of MeIMs, respectively [11, 17] . Such adsorption behavior is significantly distinct from that in common MOFs where the open metal sites are the main adsorption sites [18, 19] . This can be attributed to that the Zn atoms of ZIF-8 are not accessible by the CO 2 molecules due to the steric hindrance of MeIM ligands so that the interactions between Zn atoms and CO 2 molecules are negligible. In addition, the electro- * Author to whom correspondence should be addressed. E-mail: cxs66cn@jxnu.edu.cn static interactions arising from the dipole moment of MeIMs are responsible for the adsorption selectivity of CO 2 in ZIF-8 [15] , since CO 2 has a large quadrupolar moment (14.3×10
−40 Cm 2 ) [20] . Apart from the adsorption behavior, the diffusion behavior of CO 2 in ZIFs is another important property which is essential for understanding the relevant adsorption dynamics and membrane processes. Recently, the thin ZIF-8 membranes have been synthesized on tubular α-Al 2 O 3 porous supports by secondary seeded growth and exhibited unprecedented high CO 2 permeances [21] . However, it is still a great challenge for experimentally probing the diffusion behavior of CO 2 confined in the nanoscale cages (cavities) of ZIFs. As a powerful tool, on the other hand, molecular dynamics (MD) simulation can provide direct insights into the diffusion behavior of guest molecules in ZIFs at a molecular level. Several MD simulations have been performed to investigate the diffusion behavior of pure CO 2 and its mixtures in ZIF-8 [13, 22−25] . Most of simulation studies focused on the relevant self D s and transport D t diffusion coefficients of CO 2 in ZIF-8 [13, 22−25] . The D s and D t of CO 2 in ZIF-8 were almost constant or slightly decreased with the increasing loading, which is well consistent with the measurement results of pulsed field gradient NMR [26] . In fact, the 6-ring windows connecting each cage should be critical for the adsorption and diffusion selectivities for CO 2 in ZIF-8. The X-ray diffraction (XRD) structure analysis has showed that the size of the window aperture is estimated to be 3.4Å [6] . Such narrow window aperture leads to a high energy barrier to hinder the passage of CO 2 molecules from one cage to another cage. Naturally, quantitative analysis of the mean residence time of CO 2 molecules in ZIF-8 cages is very necessary to understand the relevant diffusion mechanism. In this work, we have performed a series of MD simulations of CO 2 molecules in ZIF-8 under different pressure conditions and constructed a new time correlation function for exploring the mean residence time of guest molecules in cages. To the best of our knowledge, there are many simulation researches on adsorption and phase equilibria for CO 2 [10] [11] [12] [13] [14] [15] [16] [17] 27] as well as diffusion of CO 2 [13, 22−25] in porous materials. However, the mean residence time of CO 2 molecules in ZIF cages is for the first time estimated under different pressure conditions.
II. COMPUTATIONAL DETAILS
For the thermodynamic adsorption equilibrium of porous materials, the chemical potentials of the adsorbate in the adsorbed and bulk phases should be equivalent. Herein, the corresponding chemical potentials of bulk CO 2 were first calculated by adopting the testparticle technique proposed by Widom [28] . The configuration spaces used in the Widom method were obtained from standard NPT MD simulations at 298 K and 1−15 bar, respectively. A three-site EPM2 model [29] was used for CO 2 molecules in this work, which can reproduce well the experimental critical point and liquid-vapor coexistence curve. However, it should be noted that the modified EPM2-M model proposed by Zhang et al. [30] also reproduces the experimental data very well and has a significant improvement in dielectric constant. At each MD run, the simulation time was typically 4 ns for equilibration, and then the next 6 ns for the production stage of configuration spaces, which is long enough for accurately calculating the chemical potentials of bulk CO 2 by the Widom method.
Then, a series of grand canonical Monte Carlo (GCMC) simulations were performed to compute adsorption isotherms and density distribution of CO 2 molecules within ZIF-8. The chemical potentials of bulk CO 2 from above Widom method were as inputs for the GCMC simulations at 298 K and 1−15 bar, respectively. The crystal structure of ZIF-8 for GCMC simulations was constructed from the experimental XRD data [31] . The simulation box consisting of 2×2×2 unit cells was for 2−15 bar, while another bigger simulation box of 3×3×3 unit cells was for 1 bar for ensuring that enough CO 2 molecules were included in the simulation for statistical precision. Periodic boundary conditions were used in the GCMC run in three dimension directions. The flexible force field proposed by Zheng et al. [25] was used for the ZIF-8, which is compatible with the EPM2 model of CO 2 molecules. All crossing Lennard-Jones parameters were defined using Lorenz-Berthelot mixing rules. There were four basic types of trial moves with equal probabilities in the GCMC simulation: translation, rotation, insertion, and deletion. Tuning the maximum magnitudes of translation and rotation made the acceptance probabilities controlled about 50% in the translation and rotation steps. The configuration-biased method [32] was applied to increase the acceptance efficiency of insertion. All calculations used spherical cutoffs of radius 12Å for the non-bonded potentials. The electrostatic interactions were evaluated using the particle-mesh Ewald method [33] . Each GCMC simulation was totally run for 1×10
7 trial steps. The first 5×10 6 steps were used for the equilibration and the subsequent 5×10 6 steps were used for ensemble averages.
It should be noted that the ZIF-8 structure was rigid in the above GCMC simulations while flexible in the following MD simulations. On one hand, this is because the flexibility of ZIF-8 has a slight influence on the adsorption results due to the ability of the GCMC method to make non-physical translations and insertions. Furthermore, the recent comparison in adsorption data between GCMC simulation and infra-red microscopy (IRM) showed that the assumption of a fixed lattice seems to be better than that of a flexible lattice [24] . Hence, the ZIF-8 structure was fixed to eliminate the complexity of GCMC simulations in this work. On the other hand, many previous simulations and experiments [10, 13, 23, 31, 34−38] have demonstrated that the flexibility of ZIF-8 can noticeably influence the diffusion behavior of the adsorbed guest molecules so that the flexibility of ZIF-8 was considered in the following MD simulations.
To evaluate the diffusion mechanism of CO 2 molecules in ZIF-8 at a molecular level, five independent NVT MD simulations were performed at each pressure and initial configurations consisted of adsorbed CO 2 molecules and ZIF-8 were chosen from above GCMC results. As shown in Fig.1 , the simulated adsorption isotherm of CO 2 in ZIF-8 at 298 K shows that increasing pressure results in the increase of loading. For example, about loadings of 1.1 and 10.7 molecules per cage (a unit cell corresponds to 2 cages) are under the pressure conditions of 1 and 15 bar, respectively. The same flexible force field [25] as GCMC simulations was used for these NVT MD simulations. The Nosé-Hoover method was applied for maintaining the constant temperature with the periodic boundary conditions in all three directions. The Newton's equations of motion were integrated by using the velocity-Verlet algorithm with a time step of 1 fs. At each MD run, the simulation time was typically 1 ns for equilibration, then followed by 5 ns of data collection. Figure 2 presents the density distribution contours of the mass center of CO 2 molecules perpendicular to the c-axis of ZIF-8 at several typical pressures of 1, 5, 10, and 15 bar. As shown in Fig.2 , the main adsorption sites of CO 2 molecules are found to be on the both sides of the center of 6-ring windows (site-I) and above the 4-ring windows (site-II), which are well consistent with the previous simulations [11, 17] . However, the CO 2 molecules prefer to be adsorbed at the site-I prior to the site-II. Therefore, we can see from Fig.2(a) that most of CO 2 molecules locate around the Site-I and no CO 2 molecules is found at the center of cages at the low pressure of 1 bar. In contrast, a considerable amount of CO 2 molecules are also found to be around the Site-II at the high pressure of 10 bar (Fig.2(c) ). Up to the higher pressure of 15 bar (Fig.2(d) ), the center of each SOD cage seems to act as another adsorption site. However, it should be emphasized that the cage center is not a real adsorption site only because the cage center is a solely available space in the SOD cage when the pressure is up to a certain value (i.e. the vicinity of site-I and site-II have reached the adsorption saturations).
III. RESULTS AND DISCUSSION
The diffusion behavior of CO 2 molecules in ZIF-8 can be examined using mean squared displacement (MSD),
where N is the number of adsorbed CO 2 molecules and ∆r i (t) is the displacement of molecule i from its initial position. As shown in Fig.3 , we can see clearly that all MSD curves of CO 2 molecules in ZIF-8 initially exhibit a sharp increase with time and follow a slow increase. The sublinear variations of MSD curves mean that the CO 2 molecules in ZIF-8 exhibit a two-stage diffusion, which is very distinct from that of bulk CO 2 . The twostage diffusion can be explained by that the fast diffusion of CO 2 molecules at short time is dominated by the intra-cage mobility while the slow diffusion at long time is dominated by the inter-cage mobility where the CO 2 molecules have to overcome the energy barrier arising from 6-ring windows. In addition, we can see from Fig.3 that the diffusion behavior of CO 2 molecules in ZIF-8 is suppressed as the pressure (or loading) increases partly due to the increase of adsorption energies between CO 2 molecules and ZIF-8.
To quantitatively identify τ R of CO 2 molecules in the ZIF-8 cages, a continuous time correlation function S(t) is for the first time constructed as where the population variable of H(t) is unity when the tagged CO 2 molecule is continuously kept in the initial cage from time 0 to time t, and zero otherwise. In this work, a defined spherical cage with the radius of 7.358Å (the spherical center corresponds to the center of XRDderived SOD) is used to represent each SOD cage of ZIF-8. Such definition does not lead to the overlap between adjacent cages and almost sort all CO 2 molecules (more than 99.99%) adsorbed into the ZIF-8 cages. In total, there are 16 spherical centers for the simulation box of 2×2×2 unit cells and 54 centers for the simulation box of 3×3×3 unit cells (for 1 bar). Then, the calculated S(t) functions at 298 K and 1, 5, 10, and 15 bar are shown in Fig.4 . We can see from this figure that the S(t) curves at low pressures decay faster than those at high pressures, suggesting that increasing pressure can prolong the mean residence time τ R of CO 2 molecules in the ZIF-8 cages. This can be attributed to the difference in density distribution of CO 2 molecules in the ZIF-8 at various pressures (see Fig.2 ).
At the low pressure of 1 bar, most of CO 2 molecules locate in the vicinity of 6-ring windows so that these CO 2 molecules are relatively easy to escape from this cage. At the high pressures, nevertheless, a considerable amount of CO 2 molecules are far from 6-ring windows and also the increasing density can increase the collision probability between CO 2 molecules to hinder the effective diffusion. In our analysis, the S(t) functions cannot be described by a single exponential or stretched exponential. To better determine the τ R values, these S(t) functions are fitted by three weighed exponentials (with a total weight of unity, i.e. A+B+C=1), which is expressed as
where A, B, and C are tunable parameters, while τ a , τ b , and τ c are the time constants. were found to be about 5 orders of magnitude less than those of bulk CO 2 (about 10 −5 m 2 /s) [39] . To further estimate the influence of temperature on the relevant mean residence time, we have performed a series of additional NVT MD simulations of CO 2 molecules in ZIF-8 at 273 K with the identical initial configurations at 298 K. By comparison, we can find from Fig.5 that the reduced temperature can increase the mean residence time of CO 2 molecules in ZIF-8 due to the reduction of kinetic energies of gas molecules at low temperatures, and the calculated τ R values at 273 K are always more than those at 298 K for each pressure by around 10 ps. Furthermore, we find that the mean residence time almost linearly increases with pressure in the temperature and pressure ranges studied.
IV. CONCLUSION
In this work, a series of GCMC and MD simulations have been carried out to study the adsorption sites and diffusion mechanism of CO 2 molecules in the flexible ZIF-8 under different pressures. The simulation results showed that the adsorption of CO 2 molecules in ZIF-8 mainly occurs at the two preferential sites: one is on both sides of the center of 6-ring windows and the other 
